Summary: Acute isolated seizure, repetitive or recurrent seizures, and status epilepticus are all deemed medical emergencies. Mortality and worse neurologic outcome are directly associated with the duration of seizure activity. A number of recent reviews have described consensus statements regarding the pharmacologic treatment protocols for seizures when patients are in pre-hospital, institutional, and home-bound settings. Benzodiazepines, such as lorazepam, diazepam, midazolam, and clonazepam are considered to be medications of first choice. The rapidity by which a medication can be delivered to the systemic circulation and then to the brain plays a significant role in reducing the time needed to treat seizures and reduce opportunity for damage to the CNS. Speed of delivery, particularly outside of the hospital, is enhanced when transmucosal routes of delivery are used in place of an intravenous injection.
INTRODUCTION
Patients with a life-threatening or unstable condition presenting to pre-hospital, emergency service field personnel or hospital emergency facilities will have an intravenous (IV) line established for rapid administration of medications. Organized health care has developed standards of care and assessment and treatment protocols for a variety of conditions to stabilize the patient as rapidly as possible. Clearly, patients experiencing epileptic seizures have a medical emergency and require prompt medical care. [1] [2] [3] [4] Several consensus statements have been published describing pharmacologic treatment protocols for patients presenting with seizures or in status epilepticus. The guidelines provide recognition of the need for prompt treatment and recommendations for various transmucosal routes of benzodiazepine delivery when IV access has not yet been established. [5] [6] [7] [8] [9] The marketing of diazepam rectal gel is made in recognition of the need for noninjection-based delivery; however, the aesthetics of rectal delivery are not popular with patients and caregivers.
Intranasal administration of antiepileptic medications, in particular benzodiazepines, has been studied with various preparations. Intranasal midazolam has been extensively studied in epilepsy patients and is recommended in some consensus guidelines as an alternative drug delivery technique for prompt treatment. 10 -12 This review provides an overview of the considerations necessary for nasal delivery of antiepileptic medications. An understanding of nasal anatomy and physiology is required to appreciate the operating limitations of intranasal drug administration. Ad-hoc preparations or products for registration must consider designs that integrate the medication and its chemistry, the formulation, and the administration device to work successfully. Early stage studies in healthy volunteers are important steps in determining if appropriate pharmacokinetic and pharmacodynamic properties and safety profile will lend themselves to treating seizures. Clinical experience in treating epileptic patients with various preparations suggests this is a rapid-acting and effective drug-delivery alternative.
Nasal anatomy as related to intranasal drug delivery
Intranasal sprays of medication intended for systemic drug absorption are generally designed to target the turbinates on the medial wall of the nasal cavity (FIG. 1) . The turbinates serve as a baffle in which inspired air is humidified and filtered. This region of the nasal cavity is covered with a thin mucus layer, a monolayer ciliated epithelium, with an abundant underlying blood supply. 13 These conditions are ideal to permit passive diffusion (transcellular) of medications with certain chemical characteristics across cell membranes and into the bloodstream. Some medications also transit to the bloodstream by passing through the tight-cell junctions between cells (paracellular).
To reach the turbinates, the nasal spray device must be inserted fully into the nasal vestibule with the atomizer tip placed at the nasal valve, and then aimed laterally toward the turbinates.
14 Activation of the device ejects the liquid as an atomized spray or plume. The bulk of the spray impacts the anterior and inferior portions of the nasal cavity as a simple ballistic missile. The smallest particles, less than 10 microns in size, may be carried by air currents more superiorly in the nasal cavity and impact on the superior turbinate and possibly reach the olfactory region and nerve. 15, 16 There is substantial evidence in animals, and some evidence in man, that the olfactory nerve can absorb or actively transport medications to the central nervous system via the olfactory bulb (nose to brain theory). Differences in animal and human nasal apparatus anatomy, and certain characteristics of the medication, seem to play roles as to whether medication is transported to the brain via this mechanism, and if a pharmacologic effect is observed. 17 Under ideal conditions, most medication is absorbed from the nasal cavity and into the bloodstream within 15 to 20 minutes, thus generally avoiding the first-pass gut metabolism. 18 Medication remaining in the nasal cavity beyond this time is subject to elimination via various enzyme systems present within the nasal mucus and by swallowing. A second absorption phase can be observed with nasally administered medications having incomplete nasal absorption that are not subject to high firstpass gut metabolism.
Nasal physiologic changes during pathologic conditions, such as polyposis and allergic and vasomotor rhinitis, could theoretically alter the biopharmaceutics of intranasal medications intended for systemic drug administration. 13 Physical obstruction of the nasal passage(s) due to prior trauma and subsequent deflection of the passageways is another possibility. Last, increases in mucus production and changes in mucociliary clearance rates could affect bioavailability.
Pharmaceutical regulatory agencies have required studies of the effect of rhinitis on nasal drug delivery biopharmaceutics. It has been demonstrated that there is a lack of effect of nasal mucosal inflammation on the absorption of hydromorphone, butorphanol, buserelin, and triamcinolone acetonide, with the exception reported for desmopressin. 13, 19, 20 Inconsistent results have been reported on the biopharmaceutical disposition of these medications when pretreatment with oral or topical decongestants was administered. Small but statistically measurable changes in rate or extent of absorption have been reported when decongestants were coadministered. 13 Increased nasal mucus production is commonly observed with actively seizing patients and could be clinically relevant to intranasal drug administration for treatment of seizures. Holsti et al. 21 recognized this consideration in their pre-hospital treatment protocol that called for suction of mucus from the nasal cavity prior to administration of intranasal midazolam. Pre-treatment nasal cavity suctioning was likely contributory to the success observed in rapidly aborting seizure activity after intranasal midazolam administration.
DESIGN OF NASAL PRODUCTS FOR SYSTEMIC DRUG ADMINISTRATION
Many intranasal delivery products are designed to serve certain purposes or unmet medical needs. Clearly, a nasal spray can remove the needle from drug administration, as is the case with the conversion of the protein calcitonin from a daily injection to a nasal spray. Furthermore, beyond just removing the needle from delivery, intranasal products are designed for rapid action, such as those products designed to treat migraine headache (sumatriptan, butorphanol, zolmitriptan, and dihydroergotamine) or pain in general (fentanyl, hydromorphone). 18, 22 What makes each of the aforementioned products successful is that their design satisfied several fundamentals necessary for intranasal delivery (Table 1) . 18 First, there must be a selection of drug candidates based on their pharmacologic and therapeutic properties. In the case of benzodiazepines, there are at least four reasonable alternatives to consider: 1) diazepam, 2) lorazepam, 3) clonazepam, and 4) midazolam. The rationale for choosing one versus another based purely on pharmacology is beyond the scope of this article. However, ease of passing the blood-brain barrier, receptor occupancy, speed of absorption, and clearance rate properties must be considered. One may also wish to consider choices based on prior clinical performance and current marketing within a Food and Drug Administration-approved label for treatment of acute seizures (e.g., diazepam and lorazepam are qualified in this regard).
Physical-chemical properties of the candidates must also be considered. Water-solubility is important for formulation considerations. Log P, derived from the octanol/water partition coefficient, is a surrogate for lipophilicity, and a potential for compounds to diffuse across biologic membranes. Unfortunately, benzodiazepines have limited water solubility at pH 5 to 7, the pH of nasal secretions, and where most nasal solutions are formulated. These medications have sufficient lipophilic character to readily cross biologic membranes.
Benzodiazepines satisfy the potency requirement in that typical doses are all less than 20 mg. The dose must have sufficient solubility to be administered in approximately 100 L to 200 L (1 spray per naris) of solution. The nasal cavity can retain 100 to 150 L without causing immediate run-off out the front of the nose or down the nasopharynx. Water is the preferred solvent, but many medications, including the benzodiazepines, do not have sufficient water solubility to formulate a nasal product. Although midazolam injection is prepared in an aqueous solvent system, the solution is buffered to an irritating pH 3 as a requirement to maintain drug in solution and to prevent instability of the core-ring structure from uncoupling. Additional solubilization strategies are necessary, including the use of organic co-solvents, excipients, such as cyclodextrins or other agents to from water-soluble inclusion complexes or preparation of emulsions.
Design of the formulation must account for other factors as well. It is useful to design the formulation to be isotonic to slightly hypertonic to optimize absorption and tolerability. Viscosity-enhancing agents, such as methylcellulose, can promote retention in the nasal cavity by slowing the ciliary movement of mucus. Surfactants or polymers can be used to enhance transmembrane permeation. Last, the drug and formulation have to be stable in the device during processing (i.e., sterilization and storage, thus possibly requiring stabilizers).
The choice of delivery device for the medication is another critical consideration. FIG. 2 depicts a number of different nasal spray devices. Squeeze bottles are available, but have no metering device appropriate to administer potent systemic medications such as benzodiazepines. Multi-dose bottles are available for chronic drug administration; this is not a likely consideration regarding seizure emergencies. A standard syringe with a Luer fitting to accept a nasal atomizer has been used to draw up and administer injection-based drug solutions into the nasal cavity for opiate overdoses, acute pain, and to deliver midazolam injection to the nasal cavity of a seizing patient. Unit-dose devices similar to those used for migraine treatment are also available and being used in development of benzodiazepine nasal spray products. The choice of device depends on factors such as intended clinical use, setting, and stability with the drug and formulation, among others.
Ideally, a well-designed formulation must not induce localized toxicity with acute or chronic use. For example, chronic vasoconstriction, irritation, or inflammation can induce tissue damage, including ulceration, epistaxis, nasal-septal defects, and fistulae. Formulations should not cause damage to the cilia. 23 Due to the water insoluble nature of benzodiazepines, a common approach to nasal and other medications that do not readily cross the bloodbrain barrier after systemic administration are considered targets for this drug delivery application. The challenges with nose to brain transit of medications are that: 1) the medication must be very potent, 2) the device must optimize an ability of the spray to reach the most superior portions of the nasal cavity, 3) sufficient medication must reach the olfactory nerve, 4) a mechanism of transport must be available, and 5) the medication must reach relevant brain structures and be able to diffuse through the brain parenchyma to the relevant receptors.
PHARMACOKINETICS AND PHARMACODYNAMICS OF NASAL BENZODIAZEPINES IN HEALTHY VOLUNTEERS
The first studies of intranasal delivery of benzodiazepine formulations were performed in healthy volunteers. The purpose of the trials was to generate systemic exposure and local tolerance data for various formulation approaches. C max ϭ maximum plasma concentration; F ϭ absolute bioavailability comparing nasal dose to an intravenous dose; PEG ϭ polyethylene glycol; Prop. Gly. ϭ propylene glycol; t max ϭ time to maximum plasma concentration; SBE-CDE ϭ sulfobutylether-beta-cyclodextrin.
examines formulation approaches and the resulting pharmacokinetic measurements. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] The main considerations from these data might be whether maximum plasma concentrations represented by C max are within ranges known to produce pharmacologic effects, and the second consideration is whether the concentrations are achieved rapidly enough to be appropriate for treating a seizure. Well-designed nasal preparations may demonstrate a pharmacokinetic profile in which the rate and extent of drug exposure is superior to intramuscular injection and approximates IV infusion (FIG. 3) . 30 The bioavailability, representing the extent of absorption compared to an IV dose may not be as relevant.
The data for intranasal administration of benzodiazepines suggests that certain formulations could be appropriate for treating seizures. The evidence is indirect in the sense that some formulations produce rapid plasma levels that are associated with IV or other routes of administration. Moreover, some studies collected pharmacodynamic information such as psychomotor or cognitive impairment studies, or sedation scoring, in conjunction with pharmacokinetic sampling. The pharmacodynamic data can be compared with dose and concentration data of the original studies of benzodiazepine effects on EEG beta wave (13-30 Hz) activity. Greenblatt et al. 35 established that the degree of impairment on digital-symbol substitution tests was directly correlated with the degree of change in new-onset beta wave activity after triazolam administration. Moreover, Lindhardt et al. 32 demonstrated comparable changes in EEG amplitude in the 16 to 35 Hz range comparing 4 mg intranasal to 5 mg intravenous diazepam. Thus, these early studies examining formulation strategy, biopharmaceutics, and local tolerance were suggestive that nasal delivery of benzodiazepines could have a role in treatment of seizures.
EXPERIENCE WITH INTRANASAL DELIVERY OF BENZODIAZEPINES FOR TREATMENT OF SEIZURES
Studies demonstrating nasal delivery of midazolam to treat seizures, as compared with other benzodiazepines, are by far the most prevalent in the biomedical literature. O'Regan et al. 36 was the first to publish success using this method by administering 0.2 mg/kg of the midazolam injection solution intranasally. The results demonstrated successful abolition of seizures in 14 of 19 children with difficult to treat seizures. There was a 60% reduction in spike counts per minute and the appearance of beta-wave activity within 175 seconds of drug administration.
Many additional articles describe intranasal delivery of midazolam in case reports or open-label studies with relatively small numbers of patients. However, in aggregate, the studies are universally positive in their patient outcomes of rapid treatment and cessation of seizures. Three articles of similar construct compared intranasal midazolam with intravenous diazepam for cessation of seizures rates and time to cessation. [37] [38] [39] Each research team reached the same conclusions: 1) midazolam injection administered nasally was equally effective as IV diazepam in seizure cessation, and 2) intranasal midazo- lam reduced time to cessation of seizures by eliminating the need to establish IV access. Bhattacharyya et al. 40 conducted a controlled trial of intranasal midazolam to rectal diazepam in children. There was a shorter time to seizure cessation in the midazolam group. Intranasal midazolam had a superior tolerability profile with lower incidences of drowsiness, nausea, and respiratory depression.
Similar outcomes have been reported when 0.2 mg/kg IV midazolam administered intranasally was compared with rectal diazepam in children in the prehospital setting. 21 In addition to the aforementioned advantages from Bhattacharyya et al., 40 the investigators demonstrated that midalozam-treated patients were less likely to be seizing on presentation to the emergency department, needed less additional seizure medication, had a lower incidence of intubation, or were less likely to be admitted to the hospital or intensive care unit.
Intranasal drug delivery has been readily accepted by the layman as demonstrated by the considerable usage of over-the-counter and prescription products. Nasal drug delivery of midazolam for treatment of seizures in the home-bound setting has been successful in preliminary studies. [41] [42] [43] Clearly, morbidity and mortality, the intensity of health-care resources and expenses associated with treatment of epileptic patients could be reduced if an effective and safe transmucosal treatment was available for use by caregivers.
Lorazepam injection administered by intranasal spray was compared to intramuscular paraldehyde for protracted seizures in children of sub-Saharan Africa. 44 Children randomized to lorazepam received 100 mcg/kg (drawn up into a syringe with a nasal spray adapter). Seventy-five percent of the lorazepam patients had seizures stop within 10 minutes. The most significant finding may have been that there was a great difference in favor of intranasal lorazepam for the reduction of needing two or more additional rescue anticonvulsant agents. The authors believe their intranasal lorazepam system is an ideal primary health-care facility, first-line anticonvulsant agent, by satisfying the following criteria: quick acting, minimal cardiopulmonary side-effects, long-lasting effect, and inexpensive.
Intranasal delivery of benzodiazepines has been recommended in treatment guidelines when IV access has not yet been established. Table 3 provides a general guideline that clinicians may wish to consider if nasal delivery of benzodiazepines is to be used in their practice. Many of the key concepts are directly provided from the literature. Most importantly, development of protocols for nonphysicians will assist in keeping this a safe drug-delivery practice.
CONCLUSIONS
Benzodiazepines, although generally water-insoluble, can be designed into appropriate nasal delivery candidates. Preparations for clonazepam, diazepam, lorazepam, and midazolam have been described. Clinical researchers have investigated with considerable success the potential for injectable benzodiazepine solutions to serve as a surrogate for optimally designed nasal spray formulations to treat seizures. The availability of lowtech nasal spray devices has facilitated this research and permitted translation of this technique into emergency medicine practice in some locales. Midazolam, perhaps due to its rapid absorption and action in the CNS, appears to be the medication of choice at this time. Lorazepam has been shown to be a suitable alternative if recurrence of seizures is a potential concern. Additional research is needed to better define the optimal dose of these medications for nasal administration. Although promising results have been achieved, additional research into the utility of this technique for home-bound treatment is also warranted.
The emergency medical community is striving to improve the care of the seizure patient by examining the drug-delivery techniques to reduce the time to treatment and cessation of seizures. The literature demonstrates an unmet medical need exists to provide well-designed nasally delivered benzodiazepines for the treatment seizures. 
